Innate valence is thought to be conveyed through hardwired circuits along the olfactory pathway, insulated from influences of other odors. Here we show that in mice, mixing of innately aversive or attractive odors with a neutral odor abolishes the behavioral responses. Surprisingly, mixing of two odors with the same valence also abolishes the expected responses. Recordings from the olfactory bulb indicate that odors are not masked at the level of peripheral activation and glomeruli independently encode components in the mixture. However, crosstalk among the mitral/tufted cells changes their patterns of activity such that those elicited by the congruent mixtures can no longer be decoded as separate components. The changes in behavioral and mitral/tufted cell responses are associated with reduced activation of brain areas linked to odor preferences. Thus, interactions of odor channels at the earliest processing stage in the olfactory pathway lead to re-coding of odor identity. These results are inconsistent with insulated labeled lines and support a model of a common mechanism of odor recognition for both innate and learned valence associations.
Introduction
Smell is a powerful sense in driving emotional reactions. For most animals, ethologically relevant odors often have innately associated values that signal danger or reward. Mice are attracted to food and urine of their own species, but they avoid scents from predators and odors associated with rotten food and decomposing carcasses. For example, 2-methyl butyric acid (2-MBA), found in spoiled food, 2,3,5-trimethyl-3-thiazoline (TMT) from fox feces, and 2-phenylethylamine (PEA) from bobcat urine can directly elicit avoidance behaviors [1] [2] [3] [4] [5] . The ability to properly recognize and respond to these odors is essential for survival of the animals in the wild.
The innateness and the consistency of the response among different individuals suggest that inborn pathways transmit the information of these odors to evoke stereotypical behaviors. In nematodes and insect species, this information appears to be transmitted through labeled line circuits 6 . In the mammalian brain, valence about aversive odors is also thought to be transmitted through dedicated pathways that bypass complex processing and link receptor activation directly to brain centers to elicit behavioral responses 7 . For example, PEA can activate the trace amine receptor TAAR4 8 . Knock out of TAAR4 abolishes aversive response to PEA at low concentrations, suggesting information about PEA may pass through a highly specific pathway 3 . A variant of the hypothesis is that odor valence is topographically encoded, i.e., it is associated with specific regions of the olfactory bulb and in the brain 1, 9 . For example, TMT or 2-MBA preferentially activate the dorsal olfactory bulb, which project to the posterolateral cortical amygdaloid area (PLCo) 1, 10 . Genetic ablation of the dorsal olfactory bulb abolishes innate aversive responses to odors without affecting the recognition of the same odors in general 1 .
In either case, innately recognized odors are expected to be encoded differently and separately from odors at large in two distinctive manners. First, the circuitry connecting the receptor neurons and brain centers that determine behavioral output is expected to be genetically hardwired and highly specific. While all neural circuits require genetic specification to some extent, the innate circuits are thought to be insensitive to environmental circumstances. Second, the pathways transmitting this information are expected to be insulated from background. Neural responses triggered by the innately recognized odor along the olfactory pathway are not expected to be altered by the presence of other odors. This is intuitive because animals exhibit aversive behavior towards the same compounds in different odor environments.
However, this view is being challenged by recent studies. In areas traditionally thought to encode odor valence, like the PLCo, a distributed representation for odors similar to that in the piriform cortex, and no apparent bias for the aversive odors are found 11 . Our recent study shows that development of innate odor preference is subject to changes by spontaneous neural activities and exposure to the odors during early development (Qiu et al. 2020) . These studies suggest a more flexible mechanism in specifying these highly stereotyped circuits. In this study, we examine how the innately recognized odors trigger behavioral responses in the context of other odors. We show that interactions among mitral/tufted cells alter their representations of odors, the activation of brain regions associated with innate perception and behavioral responses. These results provide compelling evidence for a model of innate odor coding using a generalized population code that is similar to those for learned odor preference.
Results

Odor mixing abolishes innate valence
In an odor-seeking assay, an animal's approach toward the odor source is determined by at least three factors: novelty seeking, preference and odor habituation. For an attractive odor, prolonged investigation reflects attraction and novelty seeking. In contrast, an aversive odor may induce both novelty-seeking (for risk assessment) and avoidance.
Odor preference is often assessed using place preference by associating odors with their spatial locations. However, intrinsic bias in spatial preference and scent marking can confound the readout 12, 13 . To avoid intrinsic place bias, we have devised a computerized setup, PROBES, to perform automated single-chamber odor preference assays 12 . This setup provides an efficient and robust readout of the sampling of a single odor port in the habituation/dishabituation test ( Fig. 1a ). Using odors known to be attractive, neutral or aversive to mice, we examined odor investigation during first and second odor exposures after a period of habituation to clean air. The first exposure to mouse urines and peanut butter elicited vigorous investigation of the odor port, at a much higher level when compared with neutral and aversive odors ( Fig. 1b, d ). We therefore use the difference in investigation time between first odor and last air applications to index odor attraction ( Fig. 1a, d ). Investigations of the aversive odors such as coyote urine, 2-MBA, PEA or isoamylamine (IAMM) were considerably less than those of neutral odors but similar to that of air ( Fig. 1c, e ). When the mice were expose to the aversive odors a second time, investigation dropped significantly to below background level. The mice appeared to have avoided the odor port as exhibited by additional investigation once the odor delivery was stopped ( Fig. 1c ). We reasoned that investigation during the first exposure likely reflected the effect of two competing drives: avoidance and risk assessment (investigation). During the second exposure, aversion likely became the dominant drive resulting in a decrease in investigation. We therefore used the difference between the last air exposure and the second odor exposure to measure aversion ( Fig. 1a, e ).
We performed experiments using mixtures composed of equal parts of a neutral odor and an odor with innate valence ( Fig. 1f -j). Whereas PEA alone caused pronounced avoidance and 2-hexanone (HXO) did not, mixing PEA with HXO elicited no aversive response ( Fig. 1g ). In the case of 2-MBA (aversive) and eugenol (EUG, neutral), the mixture even produced a slight preference ( Fig. 1h ). Similar observations were made for attractive odors. Both male and female urine samples were attractive to mice of the opposite sex, but maple odor was not ( Fig. 1i ). However, when maple was well mixed with the urine samples, the mixtures elicited little to no attraction ( Fig. 1i, j ). In all pairs tested, odor preferences were abolished when innately recognized odors were mixed with neutral odors.
Mixing aversive odors abolishes behavioral avoidance
How might mixing abolish innate odor preference? One possible scenario is that the presence of a neutral odor could overpower the aversive odor and mask its presence.
Alternatively, the two odors may activate separate brain regions that drive competing behaviors, resulting in nullification of aversive responses. In both scenarios, if we mixed two odors of the same valence, the mixture is expected to elicit the same behavioral responses. We, therefore, performed odor preference tests using mixtures of PEA with 2-MBA, and of PEA with IAMM ( Fig. 1k , l). Strikingly, in both experiments, the mixtures did not elicit aversion. Similarly, well-mixed, innately attractive odors also reduced their attractiveness ( Fig. 1m , n).
Linear decoding of odors from glomeruli responses
These behavioral experiment results were inconsistent with the labeled line hypothesis, which forced us to entertain a different possibility. We hypothesized that mixing altered odor identities such that they were no longer recognizable. Volatile odors generally activate multiple receptors in the olfactory epithelium [14] [15] [16] [17] . Odor identity is encoded by the combinatorial activation of glomeruli, mitral/tufted cells in the olfactory bulb and by distributed sets of neurons in the cortices [17] [18] [19] [20] [21] [22] [23] [24] . Lateral excitation and inhibition mediated by interconnected neuronal networks may transform receptor activation into more complex population activities.
We thus conducted a series of experiments to examine neural activities in the olfactory pathway. We first examined the activation of olfactory glomeruli by individual odors and their binary mixtures using the OMP-IRES-tTA:tetO-GCaMP2 mice 17, 25 . Aversive odors including PEA, 2-MBA, IAMM, as well as neutral odors, including HXO and EUG, all activated the dorsal bulb. We presented EUG, 2-MBA and their mixture and recorded glomerular activation ( Fig. 2a Fig. 1d , h).
These observations indicated that odor mixtures could be represented by linear combination of the glomerular responses to individual odors, and that the glomerular representation of the odors were mostly independent of each other. The results were consistent with previous studies of binary odor mixtures 26 . If the insulated labeled line hypothesis is correct, this type of superposition would allow each odor to activate its distinctive pathway and elicit aversion.
Altered odor representation by the mitral/tufted cells
To test whether this type of linear separation is carried through the olfactory pathways, we next examined neural activities of the mitral/tufted cells in the olfactory bulb. We performed two-photon calcium imaging experiments in Cdhr1-Cre mice injected with an adeno-associated virus (AAV) that expresses the calcium indicator GCaMP6f depending on Cre-mediated recombination (pAAV.Syn.Flex.GCaMP6f.WPRE.SV40) ( Fig. 3a) 27 .
These mice expressed GCaMP6f specifically in the mitral/tufted cell population ( Fig. 3b ).
We performed 2-photon imaging to record mitral/tufted cell responses under awake conditions. Odors were presented using the olfactometer to deliver precisely timed stimuli 12 Fig. 2d , i). This lack of summation as found in the glomerular response indicated that the overall response was normalized within the cell population.
The patterns of activity that represent the odor mixture were strikingly different from that for individual odors or their sum (Fig. 3e , j and Supplementary Fig. 2c , h). Using linear decoding from individual odor responses, we found that the mixture responses were poorly correlated with the predicted ones, indicating the mixture responses could not be linearly demixed into individual odor patterns ( Fig. 3g , l, m and Supplementary Fig. 2e , j). Thus, the population response to the mixture likely represented a new odor identity rather than the combination of two components.
Differential brain activation by aversive odor in mixture
Recordings from the olfactory bulb indicated that the representation of odor identities were likely altered in the mixtures. To evaluate the impact of these changes on other brain areas, we examined the regions shown to be responsible for innate odor-triggered behaviors. The olfactory bulb projects to at least five cortical areas, including the PLCo and the posterior nuclei of the medial amygdala (MeP), where the pathway appeared to diverge and activated different brain regions associated with different valence [28] [29] [30] [31] (Fig.  4a ). The bed nucleus of stria terminalis (BST), including the anteriomedial nucleus (BSTMA), mediates anxiogenic response 32, 33 . The anterior hypothalamic area, anterior part (AHA) is required to trigger fear responses [32] [33] [34] [35] . The ventral MeP (MePV) projects to the ventral medial hypothalamic nucleus (VMH), which has been implicated in both attraction of mouse urine 36, 37 and aggressive responses 36 .
To quantify the activation of these brain areas, we performed immunofluorescence staining against phospho-S6 ribosomal protein (pS6), which stained activated neurons 38 .
Following odor exposure, we performed serial sections through the brain to examine the patterns of activation in different regions. PEA, but not the mixture with HXO, induced strong signals in BST, AHA, VMH, PVA, PLCo and MePV (Fig. 4b, c ). This observation suggested that areas associated with odor valence were differentially activated by an innately aversive odor depending on whether it was presented alone or in a mixture. The lack of activation by the mixtures was consistent with the lack of induced aversion. On the other hand, the number of cells activated in the basolateral amygdala (BLA) and the piriform cortex (Pir) were not significantly different (Fig. 4b, c ). Thus, areas that receive olfactory input, though not known to be particularly associated with valence, were similarly activated.
We then compared the brain activation patterns elicited by the mixture of two aversive odors with that activated by the aversive odors alone. Even though both PEA and IAMM activated the BST, VMH and PLCo, the PEA/IAMM mixture did not ( Fig. 4b, d ). The lack of activation of these areas was consistent with the behavioral test results.
Distinguishing aversive odors from background
It is counterintuitive that mixing an aversive odor with a neutral odor abolished aversive response. Animals react to predator or food odors in complex odiferous environments, suggesting that they can identify these odors in presence of background odors. In our experiments involving odor mixtures, the two odors were presented contemporaneously.
In natural environment, individual odors arrive at the nostril as plumes. The aversive odors could be detected with spatial-temporal displacement from environmental smells and be perceived as distinct. Thus, experimentally introducing temporal or spatial displacement in the presentation of the background odor may allow the aversive odors to be detected as their own in the mixture. We tested this hypothesis presenting a neutral odor as background, followed by the mixture, and tested the innate response to the mixture (Fig. 5a ). In experiments using PEA with HXO, and using 2-MBA with eugenol, we found that the mixtures elicited the same level of aversion as the aversive odors alone ( Fig. 5b, c) . Thus, background presentation of the neutral odors allowed PEA or 2-MBA within the mixtures to be properly recognized. Temporally displaced presentation of odors was sufficient to allow individual odors to be distinguished whereas well-mixed odors are not.
We next recorded glomerular responses to the mixture after presenting the neutral odor as background. We first recorded the responses to individual component odors and to the mixtures. The recording provided points for comparison. We then presented the neural odor as background, followed by the mixture, and recorded the response to the mixture.
Following background presentation, the mixtures elicited responses that were dissimilar to those by mixtures alone. The overall patterns were similar to the innately aversive odors alone ( Fig. 5d-g) . For individual glomeruli, the responses exhibited similar temporal dynamics and amplitude to that elicited by the aversive odors alone ( Fig. 5d-g) .
Linear decoding indicated that the mixtures elicited a response that can be predicted as the aversive odors ( Fig. 5h-i) .
We also performed imaging of the mitral/tufted cells to monitor the response to the mixture after the neutral odor was presented as a background. Without background odor presentation, the mitral cell activity elicited by the mixture was poorly correlated with the pattern elicited by the aversive odor alone (Fig. 5j, k) . However, when the neutral odor was presented as background, the mixture elicited responses that were highly correlated with the aversive odors ( Fig. 5l, m) . For individual cells, the dynamics and amplitude of the responses elicited by the mixture were similar to those elicited by the aversive odors ( Fig. 5n, o) . Linear decoding indicating that mixtures presented over background were more likely linearly decoded as the aversive odors than the mixture alone ( Fig. 5p, q) .
These adapted responses offered an explanation of the behavioral response to the mixture when presented over background.
Discussion
Innate responses to some environmental stimuli are shaped by evolution to afford animals survival advantages even without learning. Because of the inborn nature of these responses, information about innately recognized cues is thought to be processed using circuits different from those for stimuli that can be learned by their association with unconditioned reward or punishment. Labeled lines, such as those mediating loominginduced flight response and spinal cord reflexes, provide a simple solution by linking sensory cells and behavioral centers (Fig. 6a) . Our results show that mixtures abolish innate aversive response. The most striking is that observation that mixing two odors with the same valence also abolishes innate responses. These observations cannot be simply explained by opposing actions of brain centers that drive different behaviors. Nor can it be accounted for by peripheral masking or antagonist interactions of ligands with the receptors 39 . Past studies have shown that presynaptic responses elicited by odor mixture were mostly mediated by intraglomerular interactions 26, 40, 41 . Consistent with these studies, glomerular responses to the mixtures can be linearly separated into those elicited by the component odors. 43 . The interglomerular interactions not only can normalize mitral cells response, they also can redistribute the patterns. In many cases, an odor blend creates a configural (synthetic) rather than elemental (analytical) perception 44, 45 .
The redistribution of mitral/tufted responses likely underlie the configural perception because the patterns elicited by the mixtures are treated as new rather than the combination of two separate known odors.
However, such redistribution has not been demonstrated for innately recognized odors in a blend. Our recorded mitral/tufted cell responses clearly show non-linear interactions, which not only resulted in redistributed amplitude that appeared to have been normalized, but also resulted in patterns of activities that are likely perceived as novel to the animals.
The results, therefore, suggest that the activity triggered by innately recognized odors are not insulated from those of others. In contrast, they are encoded similarly as all other odors, through a generalized population code resulting from interactions among the mitral/tufted cells.
If these innately recognized odors are encoded by a general population code, how are their valence assigned? Although the classic labeled line model (Fig. 6a ) provides a simple way of understanding intrinsic values associated, it is difficult to envision how it may operate with population activities that are subject to influence by other odors. Odor valence can be assigned through associative learning, presumably by associating patterns of activity that encode the odors with an unconditioned stimulus (reward or punishment) to assign valence (Fig. 6b ). We reason that innate odor may be similar in the sense that the neurons that carry population activity associated with innately recognized odors are connected to neurons that preferentially drive attraction or aversion (Fig. 6c) . The difference is that this association is intrinsically determined rather than acquired through associative learning. This model allows genetic programs to specify the neurons that encode odor identities, as well as their connection with valence circuit. In contrast to the labeled lines, this model does not require neurons that encode innately recognized odors to be specifically tuned, nor does it require the activity encoding odor identities to be insulated from the influence of other odors. When the pattern of activity associated with an innately recognized odor is altered by mixing with another odor, the ensemble activity creates a novel odor identity and abolishes the valence associated with the component odor ( Fig. 6d ). Activity-dependent modification of how olfactory sensory neurons project to the olfactory bulb during development would also alter these predisposed connections and change the valence associated with the odors (Fig. 6e) 
(Qiu et al).
This model can also explain the recognition of odors in the presence of background odors. When the odor presentation is temporally or spatially displaced from the background, individual odors in the mixture can be distinguished as distinct and their associated valence remain intact 46 . In this sense, innate detection of ethologically relevant odors is a form of elemental perception that requires their presentation to be independent from the environment. This model, therefore, allows a general coding strategy for all odors alike and permit flexible assignment of valence to neutral odors or reassign valence to those with intrinsic preference.
Methods
Animals
The OMP-IRES-tTA (Jackson laboratory, JAX: 017754), tetO-GCaMP2 (Jackson laboratory, JAX: 017755), and Cdhr1-Cre (MMRRC, 030952-UCD) mice were described previously 17, 25, 47 . The C57BL/6J (Jackson laboratory, JAX: 000664) were used for control group. All the animals were maintained in Lab Animal Services Facility of 
Odor delivery with olfactometer
Innate odor preference test
Experiments are the same as previously described 12 . 2-4-month-old mice were used for cross habituation experiments. Each experimental group contained 10-14 animals. Unless otherwise stated, all animals were naïve to the testing odors and exposed to the same odor once. Each animal was tested with a total of two separate experiments with at least one week between tests. After being habituated to the testing environment for half an hour, the animals were put into a 20cm x 20cm chamber for behavioral experiments. Odors from the olfactometer were delivered through a nose cone on one of the side walls, which is 5 cm above the base plate. A vacuum tube connected on the opposite wall of the nose cone provided an air flow to remove residual odors after odor delivery. Pure odorants were diluted into mineral oil at 1:10 3 (v/v) in most cases. 10 ml/min air flow carried the saturated odor out from the odor vial and was further diluted into a 90 ml/min carrier air to make the final dilution to 10 -4 (v/v). Delivery time, concentration and sequence of odor delivery were controlled by the olfactometer software. Investigation of odor source was registered by infrared beam breaking events and recorded by the same software that controlled the olfactometer.
The sequence of trial sessions is depicted in Fig. 1 . Odor was delivered for 5 minutes in each trial. After four trials of mineral oil presentation, a testing odor was presented 4 times. In a typical test, mice habituating to the test chambers over the multiple sessions of background air led to decreased TAir. The presentation of an odor elicited an increased TOdor. Repeated presentation of the same odor led to habituation, which was reversed by the test odor if it was perceived as novel. If the odor is attractive to the animal, an increased TOdor1 is expected as the mixed result of novelty and attraction. If the odor is avoided by the animal, a smaller increase or even decrease TOdor1 is expected as the mixed result of novelty seeking (risk assessment) and avoidance, while the TOdor2 is expected as the aversion only because the novelty is habituated quickly while the avoidance persists longer. We define the following indices: × 100
Odors used in innate behavior experiments were as follows: FU, MU, CU, PB, maple, lemon. These odors were delivered without dilution. PEA, IAMM, 2-MBA, HPH, HXO and EUG were diluted at 1:1000 in mineral oil. All the odors were then further diluted in the olfactometer in the air phase for another 10-fold.
Phospho-S6 mapping of odor-evoked activity
For mixture phospho-S6 staining, animals were single housed and habituated in home cages for seven days with a glass vial covered with a plastic cover, which was punched with seven holes for odor evaporation while preventing physical contact with chemicals. 
Awake head fixed calcium imaging
For calcium imaging of glomerulus, generation of the GCaMP2 mice was described previously 25 . Line 12i and 5i mice that exhibited strong fluorescence were used for imaging experiments as described previously 17 . One day prior to imaging, mice were anesthetized by intraperitoneal injection of ketamine/xylazine cocktail (100mg/kg, 10mg/kg body weight respectively) for surgery with thinned skull above the olfactory bulb. Animals were head-fixed and freely standing on a roller during the experiment.
Custom-written scripts in ImageJ and MATLAB (Mathworks) were used for image processing as described previously 17 . Briefly, after ROIs were manually defined, the averaged response inside each ROI was extracted by ImageJ. Using customized MATLAB software, a baseline was defined for each ROI and ΔF/F was calculated. To display the response patterns, the peak amplitude of each glomerulus was mapped onto the spatial location of the glomerulus. The value was presented by applying a Gaussian blur with 50 µm standard deviation.
Quantification and statistical analysis
All the statistics are conducted in MATLAB or OriginPro. Data were expressed as means Pathway and brain areas activated by attractive odors are marked by orange color. Dark olive color labels mark those for innately aversive odors.
b Immunofluorescent staining of phospho-S6 (green) of brain sections from animals exposed to air, PEA, HXO, PEA+HXO, IAMM and PEA+IAMM. Cell nuclei were counter-stained with DAPI (blue). The areas being quantified are marked by dashed lines. Scale bars, 500 µm.
c Bar plots of the density of activated cells in different brain areas for control, PEA, HXO and their mixture in b (data are shown in mean ± SEM, n = 6 half brains). b Acquiring valence through associative learning. A neutral stimulus has an unbiased connection to circuits leaning to attraction or aversion. A teaching signal such as an unconditioned stimulus (US) is associated with the neutral stimulus to enhance its connection to attraction, leading to learned response.
c A model of innate odor preference. Neutral odors (white) activate sets of cells that do not have preferential connection to valence centers. Activation of a specific set of glomeruli (red) activates a set of cells, which encode the odor identity and are stereotypically connected to brain centers that assign valence.
d, e Alterations in the activation of these cells, either through simultaneous activation of additional receptors (d) or through ectopic axon projections into multiple glomeruli (e), changes the identity of the odor being encoded and leading to changes in valence assignment.
